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 Abstract 
This work demonstrates the electrochemical deposition of micrometer-scale dots 
using a simple instrument based on an AFM (atomic force micro scope). Nickel 
micrometer-scale dots of 10µm width and 250 nm height nickel structure were 
deposited with different concentrations of electrochemical deposition solution.  
A positive potential was applied to a gold electrode integrated in the AFM cantilever 
and a negative potential was applied to a conductive substrate. The Au electrode on 
the AFM cantilever becomes an anode and substrate becomes a cathode. By applying 
a bias between a copper substrate and the Au electrode on the AFM cantilever, a 
strong electric field was generated at the limited area. And the localized electric field 
resulted in significant migration effect. This migration effect is the major factor of the 
localized electrochemical deposition (LECD) at substrate under the electrode of AFM 
cantilever. To verify the effect of migration and diffusion on electrochemical reaction, 
computational simulation was performed before localized electrochemical deposition 
experiment. In the localized electrochemical deposition process, bulk concentration, 
applied potential and distance between the substrate and electrode are the major 
parameters affecting migration and the diffusion of ions in the electroplating solution. 
The electrochemical reaction was analyzed by computational calculation.  
 In the LECD simulation processes, electric field between the electrodes and size of 
the electrode determined the localized printed geometry. As the electrode approaches 
the substrate, stronger and more localized electric field is generated from the anode 
electrode. This electric field is determined by the bias and the distance of between 
anode and cathode. To generate constant electric field between anode and cathode, the 
distance of electrode and substrate should be fixed. In this localized electrochemical 
deposition process, we used the AFM cantilever integrated with an 
ultramicroelectrode fabricated from a conventional AFM cantilever using subsequent 
metallization and insulation layer deposition processes, as well as final FIB milling 
process exposing the micrometer scale electrode at a fixed distance from the tip apex. 
 By following the fabrication process, two types of AFM cantilever were fabricated. 
One of them is the single electrode integrated AFM cantilever and the other is the 
double electrode integrated AFM cantilever. The microelectrode has geometry of half 
circular ring of which radius ranges from 2μm to 5μm with submicrometer thickness. 
By changing the size of electrode and the concentration of electrochemical solution, 
various metal patterns were printed. 
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1. Introduction 
1.1 The motive and objective of this Study 
In recent years, AFM-based lithography has attracted great attention because of its simplicity and 
precise control of the structure and location. Many SPM lithography techniques based on mechanical 
scratching, anodization of Si surfaces, electrochemical decomposition of self-assembled monolayers, 
electric field-induced chemical reactions, electrochemical reactions in solution using electrochemical 
STM tips have been developed in the past decade. These SPL techniques have been developed based 
on various chemical, physical, and electrical modifications of surfaces, including mechanical 
scratching, electrochemical anodization of Si surfaces, decomposition of self-assembled monolayers, 
electric field induced chemical reactions, electrochemical reactions in solution using electrochemical 
scanning tunneling microscope tips, and so forth. More recently, a “dippen” nanolithography (DPN) 
method has been invented that uses atomic force microscope (AFM) tip as a “nib” to directly deliver 
organic molecules onto suitable substrate surfaces, such as Au. By using this technique, organic 
monolayers can be directly written on the surface with no additional steps, and multiple inks can be 
used to write different molecules on the same surface. However, the current “dip-pen” method can 
only be used to deliver organic molecules to the surface. The long-term stability of the created 
structures is a potential problem. Furthermore, the ability to directly fabricate conductive dots and 
nanostructure lines on surfaces with a high degree of control over location and geometry is of 
significant interest in nanotechnology. DPN-type techniques can be advantageous if one is trying to 
selectively place different types of molecules at specific sites within a particular type of nano-
structure. However, this type of technology, strictly depending upon surface diffusion to deliver low-
density molecules, is intrinsically a slow process. It has been difficult to deposit higher molecular 
weight materials. It is also essentially limited to the deposition of water-compatible materials.  
 
To overcome the limits of this lithography technique, we have developed the new concept of 
lithography toll using a localized electrochemical deposition. By using the electrochemical deposition 
process it enables to fabricate the consecutive line without supplying a metal ink or solutions. In this 
experiment process, by using a simple instrument based on AFM cantilever integrated with Au 
electrode, it enables to fabricate the conductive dots and line with LECD process. In electrochemical 
methods, by changing the potential, concentration of the solution and electro chemical deposited time, 
it could print the variety of structures on the substrate. This development significantly expands the 
scope of AFM lithography, making it a more general nanofabrication technique that not only can be 
used to fabricate the metallic and semiconducting structures with precise control over location and 
geometry but is also capable of scanning the surface of substrate. To fabricate the AFM cantilever, we 
present a novel approach to develop and process a microelectrode integrated in a AFM tip. The 
presented fabrication process allows the integration of an electroactive area at an exactly defined 
distance above of the end of a scanning probe tip and the subsequent remodeling and sharpening of 
the original AFM tip using a focused ion beam (FIB) technique. By using this AFM cantilever, it is 
expected to print the micro-scale conductive structure on a substrate. By changing the size of 
electrode and concentration of electrochemical solution, it will enable to print the various types of 
metal electroplated structure. These AFM lithography techniques will be applied to electrochemical 
deposition and etching, electrochemical anodization of Si surfaces, decomposition of self-assembled 
monolayers. Above this application, this technic can be used directly in manufacturing process, not 
only laboratory but also industy field like semiconductor industry. 
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1.2 Literature survey 
1.2.1 Introduction of lithography 
Microlithography and nanolithography refer specifically to lithographic patterning methods capable 
of structuring material on a fine scale. Typically, features smaller than 10 micrometers are considered 
microlithographic, and features smaller than 100 nanometers are considered nanolithographic. 
Photolithography is one of these methods, often applied to semiconductor manufacturing of 
microchips. Photolithography is also commonly used for fabricating Microelectromechanical systems 
(MEMS) devices. Photolithography generally uses a pre-fabricated photomask or reticle as a master 
from which the final pattern is derived. Although photolithographic technology is the most 
commercially advanced form of nanolithography, other techniques are also used. Some, for example 
electron beam lithography, are capable of much greater patterning resolution (sometimes as small as a 
few nanometers). Electron beam lithography is also important commercially, primarily for its use in 
the manufacture of photomasks. Electron beam lithography as it is usually practiced is a form of 
maskless lithography, in that a mask is not required to generate the final pattern. Instead, the final 
pattern is created directly from a digital representation on a computer, by controlling an electron beam 
as it scans across a resist-coated substrate. Electron beam lithography has the disadvantage of being 
much slower than photolithography. In addition to these commercially well-established techniques, a 
large number of promising microlithographic and nanolithographic technologies exist or are being 
developed, including nanoimprint lithography, interference lithography, X-ray lithography, extreme 
ultraviolet lithography, magnetolithography and scanning probe lithography. Some of these new 
techniques have been used successfully for small-scale commercial and important research 
applications. Surface-charge lithography, in fact Plasma desorption mass spectrometry can be directly 
patterned on polar dielectric crystals via pyroelectric effect [1,2]. 
1.2.2 Scanning probe lithography (SPL) 
In the last few years much attention has been given to nanometre-object-based devices including 
single-electron transistors, quantum dot/wire systems etc. These devices are notable for a number of 
unique features and capabilities such as charge carrier spectrum quantization, amplification and 
transformation of very weak signals, low dimensionality and extremely low energy consumption, 
which makes them the objects of choice for elements of further-generation ICs and electronic devices. 
To ensure stability of performance at room temperature, such devices have to be around 10 nm in size. 
This problem has been solved successfully in the growth of vertical structures by means of molecular 
beam and organometallic vapour phase epitaxy methods, currently in wide use. However, fabrication 
of horizontal structures in the planar technology involves many difficulties related to such low 
dimensionality. Electron-beam and x-ray lithography today is only approaching the state where the 
fabrication of devices so small will become a reality. Therefore, an alternative method, more 
specifically, scanning probe lithography (SPL),that appeared in recent years as a trend of scanning 
probe microscopy, has aroused active interest [3–7]. SPL provides an inexpensive, compact and 
convenient tool for nanometre size patterning of the sample surface and, in some applications, 
competes favorably with electron-beam and x-ray lithography. Some attempts were made recently to 
use SPL in the development of integrated circuits. For example, in [8] this method was applied 
towards modification of a large-area surface. A more attractive feature of SPL, however, in our 
opinion, is high-precision probe positioning (to 10 nm), which enables the imaging of a surface 
structure, selection of a desired area and activation of a probe at a specified point, all in one 
experiment. In this way it is possible to make contacts to individual quantum dots or nano-islands, or 
to further develop locally a planar structure formed by an optical or electron-beam lithography 
technique. In the SPL method, surface modification is effected by the use of a microscope probe 
interacting with a small spot on the sample surface. There are a variety of SPL techniques. Near-field 
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optical lithography allows one to obtain patterns with a minimal size of ∼100 nm [9, 10]. Much 
better results were achieved by the method involving a combination of a scanning tunnelling 
microscope with an atomic force microscope (AFM). Here the probe is held over the surface by 
atomic force interaction, and surface modification is effected during the tunnelling current flow 
through the probe–sample separation. It may be either direct anodic oxidation of the sample surface 
[5,6,11], or exposure of an electron resist [12]. This method has been successfully used to produce 
patterns with a minimal size of 10–20 nm [5, 11] and for development of a number of devices, such as 
a single-electron transistor operating at room temperature and field effect and bipolar transistors with 
ultra small dimensions of their active areas. These SPL techniques have been developed based on 
various chemical, physical, and electrical modifications of surfaces, including mechanical scratching, 
electrochemical anodization of Si surfaces, decomposition of self-assembled monolayers, electric 
field induced chemical reactions, electrochemical reactions in solution using electrochemical scanning 
tunneling microscope tips, and so forth. Several comprehensive reviews of scanning probe 
microscope related lithography can be found in the literature. 
1.2.2.1 Localized electrochemical deposition (LECD) process 
By using the simple installation and cost effective fabrication method, many researchers are trying to 
apply the new methods for micro fabrication process. By considering this aspect of fabrication, 
localized electrochemical deposition (LECD) is a fashionable method in fabrication of small and 
shaped electrodes directly. By using this method three dimensional microstructures could be made 
easily on high strength metals. This process has advantages over any other micro fabrication methods 
in term of fabrication time and cost. As it was introduced by Madden and Hunter[13], about a decade 
ago, as a realistic technique for inexpensive free form micro fabrication method LECD has a huge 
prospective to afford solutions. They have deposited long thin micrometer-size Ni columns, copper 
electrical inter-connects and tips for scanning probe microscopy applications. They had used opened-
loop (without analog feedback) and closed loop (with analog feedback) conditions in order to 
investigate the deposition phenomena of Ni micro-column structure in LECD. Afterward they had 
studied the effect of ultrasonic vibration in rate of deposition [14], concentration and porosity of the 
nickel micro-columns and the rotation of electrode on the growth of nickel micro-column structure 
fabricated microstructures such as micro-patterns, micro-columns, and micro-springs by applying 
ultra short pulses with LECD [15]. They have compared the effectiveness of ultra short pulse with 
LECD using DC voltage [16]. Most of the researchers have used the cathode as a substrate. If the 
cathode is used as a substrate, it is difficult to solve one of the critical problems in LECD. That is the 
undesirable wide deposition in initial stage, leading to the formation of a “food”[17]. This can lead to 
problems because of electrical contact between adjacent object in electrostatic or high frequency 
applications. In order to understand this LECD characteristic, it needs to consider the mass-transport 
mechanisms of metal ions. Diffusion of metal ions from the bulk solution to the cathode dominates 
conventional electrochemical deposition. In LECD, the Diffusion of metal ions generates the 
movement of the metal ions in wide range of the cathode surface. However, it must be taken into 
account the migration of metal ions that is driven by strong, localized electric fields. The distance of 
the anode and cathode determines the interplay between diffusion and migration. Specifically, 
diffusion prevails at large distance of the anode and cathode, whereas migration increasingly 
dominates as this distance decreases. When this distance reaches the critical value at which migration 
replaces diffusion as the dominating factor, the deposition rate rapidly increases because of the strong 
electric field, changing the grown structure from dense to porous. But this migration effect enables to 
fabricate the localized electroplated structure. So to print the localized electroplated structure, This 
LECD process should be applied to fabrication process of AFM cantilever integrated with Au 
electrode and lithography process. 
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1.2.2.2 Dip pen lithography  
AFM cantilever is used not only for scanning probe but also for lithography tool. AFM cantilever tip 
is quite sharp and it can scratch the surface of substrate and make the scratched patterns. By coating 
the AFM cantilever tip, this AFM cantilever can be used as a lithography tolls. With these 
characteristic of AFM cantilever, several fabrication methods are designed based on AFM cantilever 
machine. One of these kinds of fabrication machine is a dip-pen lithography. The dip-pen nano-
lithography (DPN) technique utilizes a scanning probe microscope (SPM) tip or an atomic force 
microscope (AFM) tip as a “nib” or “pen,” a solid-state substrate as “paper,” and molecules with a 
chemical affinity for the solid-state substrate as “ink.” Capillary transport of molecules from the tip to 
the solid substrate is used in DPN to directly write patterns consisting of a relatively small collection 
of molecules in submicrometer or nanometer dimensions. DPN can deliver relatively small amounts 
of a molecular substance to a substrate in a nano lithographic fashion that does not rely on a resist, a 
stamp, complicated processing methods, or sophisticated noncommercial instrumentation [18, 19] The 
deposition process involves a chemically engineered ink-and-substrate combination, and the 
ubiquitous nano-scale positioning control offered by scanning probes provides the ability to produce 
high-quality nano-lithographic patterns. A variation of DPN is scanning probe contact printing (SP-
CP), which uses an SPM probe with an integrated elastomeric tip to transfer chemical materials onto a 
substrate. DPN-type techniques can be advantageous if one is trying to selectively place different 
types of molecules at specific sites within a particular type of nano-structure. However, this type of 
technology, strictly depending upon surface diffusion to deliver low-density molecules, is intrinsically 
a slow process. It has been difficult to deposit higher molecular weight materials. It is also essentially 
limited to the deposition of water-compatible materials.  
To overcome the limits of this lithography technique, we have developed the new concept of 
lithography toll using a localized electrochemical deposition. By using the electrochemical deposition 
process it enables to fabricate the consecutive line without supplying a metal ink or solutions. 
1.2.2.3 AFM charge writing 
Dip-pen lithography method is based on totally mechanical concepts like scratching and thermal 
emission. Without voltage signal and chemical reaction, this AFM cantilever could fabricate the micro 
size conductive or nonconductive structure. But micro scale fabrication area, electric charge and 
chemical reaction can‟t be negligible. At the beginning of AFM research, electric charge methods are 
researched for micro size fabrication process. So we called nanoxerography, this physical 
phenomenon is widely used for nano fabrication process now days. Among the various strategies 
under investigation, electrostatic nanopatterning of electrets by AFM charge writing has appeared to 
be an efficient alternative tool for directed selfassembly of nanoscale objects in the last few years [20-
23]. The charge patterns, injected into an electret, can act, via electrostatic interactions, as self-
assembly targets for any kind of charged nano-object in solution. This approach, also known as 
nanoxerography, is very attractive since it is generic and requires neither expensive clean-room nor 
vacuum equipment. Moreover, AFM‟s ability to perform, with the same instrument, charge writing 
with a great flexibility of pattern design and high-resolution charge imaging by surface potential 
measurements is very useful for understanding and improving this technique. The development of 
parallel charge writings such as electric nanocontact printing would allow scaling up this process [24]. 
AFM charge writing for directed nano-assembly has been tested in various electrets. Solid 
nanoparticles (50 nm silica or latex beads, 20 nm gold nanoparticles) and biomolecules have been 
selectively attached from non-polar water-in-oil emulsions on electrostatic patterns written in 
poly(tetrafluoroethylene) (PTFE) thin films [25-28]. 5 nm gold colloids in a toluene solution were 
selectively grafted with a resolution of 30 nm on charge patterns injected under a high vacuum into 
optimized Si3N4/SiO2/Si electrets. And Jacobs and co-workers have demonstrated a nano-xerography 
approach that involves the directed self-assembly of nanoparticles onto charged surface areas with a 
resolution of 200 nm from the liquid phase and 100 nm from the gas phase. The charged areas 
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required for this type of nano-xerographic printing are fabricated using a parallel method that employs 
a flexible, electrically conductive, electrode to charge a thin-film electret. Metal-coated polymeric 
stamps supported on a 10-:m thick doped silicon wafer are used as electrets to carry a topographic 
pattern. An electrode is brought into contact with a thin-film electret. A charge pattern is created in 
the thin-film electret by applying a voltage pulse between the conductive electrode and the silicon 
substrate. Areas as large as 1 cm2 are patterned with charge with 100 nm scale resolution in 10 s. 
These charge patterns attract nanoparticles. A liquid-phase assembly process where electrostatic 
forces compete with disordering forces due to ultrasonication has been developed to assemble 
nanoparticles onto charged based receptors in 10 s from a liquid suspension. A gas-phase assembly 
process has been developed that uses a transparent the charged surface while monitoring the total 
charge of assembled particles. The electrostatically directed assembly of 10-100 nm sized metal (gold, 
silver) and 30 nm sized carbon particles has been accomplished with a resolution 500-1000 times 
greater than the resolution of existing xerographic printers. Several similar approaches have been 
investigated by other researchers. Although this process of nanoxerography is very promising, it still 
lacks an accurate understanding of the charging mechanism and charge dissipation, which would help 
developing systems capable of retaining stable charges with suitable sizes.  
1.2.2.4 Electro hydrodynamic jet (e-jet) printing process 
As mentioned in upper chapter “AFM Lithography technology for micro structure” more research-
oriented techniques have been developed to allow considerably higher resolution and finer control 
over charge, by use of conducting tips in the form of either atomic force microscope (AFM) probes 
[29-36] both in contact printing schemes. The process involves injection of electrons into materials 
such as poly(methyl methacrylate) and SiO2 that can store this charge for extended periods (i.e., via 
formation of electrets). In these existing techniques, specialized materials for the photoconductors and 
electrets9. [37-38] are required, thereby limiting their broader utility as explained in upper chaper. But 
recently published papers( park )report a much different approach that involves the direct printing of 
ions from fine nozzle tips in the form of electrified liquid jets with nanoscale dimensions. Positive and 
negative patterns of ionic charge, with nanoscale resolution and in nearly arbitrary configurations, can 
be formed in this manner. The experimental setups rely on adapted versions of electro hydrodynamic 
jet (e-jet) printers [39-41] that were recently reported as high-resolution alternatives to conventional 
thermal and piezoelectric inkjet systems. Such technology enables printing of liquid inks with 
resolution approaching ∼100 nm for applications in DNA microarrays, printed transistors, biosensors, 
and fine electrode structures. In these systems, ink delivered from a reservoir to the tip of a fine, 
metal-coated nozzle forms a pendent hemispherical meniscus. A dc voltage bias applied between the 
nozzle and the substrate leads to the accumulation of mobile charges in the ink near the surface of the 
meniscus, Positive (negative) charges predominate with positive (negative) voltages at the nozzle 
relative to those at the substrate. This work presented that nanoscale electrified fluid jets can be used 
for high-resolution patterning of charge, to provide capabilities that are unavailable in other methods. 
Positive and negative potentials with well-defined magnitudes can be printed using various inks, 
ranging from polymers to metallic nanoparticles, nanowires, and DNA, and substrate combinations, 
each with nanoscale resolution. Control over the behavior of silicon nanomembrane transistors 
provides an example of the use of this method for controlling the properties of nanoscale electronic 
devices. Developing the technique to allow for even larger potentials and finer features and exploring 
application opportunities in optoelectronics, sensors, and biotechnology. 
1.2.2.5 Electro-chemical micromachining (ECM) 
As discussed in localized electrochemical deposition method, it is widely used for fabricating the 
pillar shape of micro structure. This method is promising tool to fabricate the IC circuit and micro size 
electrode that can be used in battery and electrochemical sensors. By using the anode PT electrode, 
localized electric field generated from the substrate and anode that fabricate the localized 
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electroplated patterns and structure. This method is called the LECD (localized electrochemical 
deposition). But by using the AFM cantilever with this electrochemical deposition process, micro hole 
and scratches can be fabricated on the substrate. This method is well known as electrochemical 
micromachining. Electrochemical micromachining is the same concept of the electrochemical 
deposition method. But by changing the anode to cathode, this process fabricates the micro and nano-
size patterns on the substrate. This method is mentioned as Electro-chemical micromachining 
(ECM).That is reverse fabrication method of localized electro-chemical deposition method. 
Electrochemical micromachining (ECM) is also widely used to build three-dimensional 
microstructures [42-49]. Compared with traditional fabrication techniques such as bulk/surface 
micromachining using a negative photoresist, SU-8 or the LIGA (lithography, electroplating, and 
molding) process, ECM has some significant advantages. ECM provides a simple, cheap, and accurate 
fabrication process because it is a single-step fabrication technique [42–47]. ECM has been 
extensively adopted to make many kinds of microstructures such as microsized Cu tongues [42], 
micro-scale freestanding cantilevers on stainless steel [43], micro-holes on a nickel surface [44] or 
ptype silicon [45], and other three-dimensional structures such as lines [46], curved features and 
arrays [47]. In the case of ECM, the pulse on-time and the radius of curvature of the tool electrode 
play an important role in creating precise micro-patterns. The range of electrochemical reactions is 
spatially confined as a function of pulse ontime by an electrochemical charging region onto the double 
layer [42–47]. The numerical simulation analysis of the transient charging model for the ECM 
technique was reported by Kenney et al [48–50]. In particular, physical dimensions of the features 
obtained from the ECM technique were numerically investigated as a function of the gap between the 
electrode and the metal layer [48, 49]. Previous results revealed that the use of slimmer, smaller tool 
electrodes was necessary in order to make a narrower and finer pattern [50]. In recent years, as a 
result of the development of nanoscaled AFM tips, nano-scale features have been fabricated more 
precisely and easily using an AFM [51-52]. In addition, electrochemical nanomachining (ECN) by the 
AFM has the unique advantage that the nanopatterns can be fabricated and then observed in real time. 
Nano-sized Cu and Pd dots on Au [54-55], 1–100 nm biomolecular patterns [56], nano-scale polymer 
patterns [57-58], and nano-holes and lines on Au and Ti [59] were successfully created using an AFM 
tip. Most of the studies described above have been conducted using a static voltage input through the 
AFM tip. Under the static voltage input, however, there was a limitation in terms of varying the line 
width of the nanopatterns because it was difficult to control the current localization around the target 
region. Accordingly, the use of an ultra-short voltage pulse for fabricating nanopatterns has attracted 
attention in recent years [52, 60]. The first effort to create nanopatterns on a metal substrate by using 
an ultra-short voltage pulse was reported by Abril et al [60]. Applying an ultra-short pulse to the Cu 
metal surface through the AFM cantilever tip in a solution, nano-sized holes (∼200 nm diameter) and 
lines (∼160 nm wide) were successfully built.  
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2. Characteristic of localized electrochemical deposition  
2.1 Objective of simulation for electrochemical deposition  
Prior to experiment, numerical simulation method provides the optimal experiment direction and 
fabrication process. From the multi scale to micro scale simulation approximately shows the result of 
the experiments. So in simulation process, we can detect the error terms or undesirable data results. 
Especially micro size experiments, there are a lot of unexpected environments factors in process of 
experiments. So to avoid the experiments errors and optimize the experiment process, simulation 
processes are needed in prior to experiments. Especially in MEMS fabrication process, this 
experiment needs a lot of time and cost for fabrication process. So to save the cost of experiments and 
time this simulation process was progressed in first step.  
Recently published papers provide the some simulation results of localized electrochemical 
deposition data. But most of papers verified the localized electrochemical effect by calculating the 
electric field that was generated from substrate and anode. But electrochemical reaction occurs three 
terms (migration, diffusion, and convection). And electrochemical reaction occurs in the electrolyte. 
And cathode and node electrochemical reactions are occurs at the same boundary area. So to calculate 
the electrochemical reaction, this three governing equation should be calculated at the same time. But 
by using the conventional dynamic simulation toll, there are a lot of constraint conditions in 
calculation. But recently released software provides the multi-physics tools that enable to calculate the 
two or three governing equations.  
In this simulation process, I have tried to verify the effect of voltage range, bulk concentration, and 
the gap between the substrate and anode electrode. These three factors are known as the major factors 
of localized electro-chemical deposition. In electrochemical deposition lithography process, migration 
factor should be maximized to fabricate the localized electrodeposited structure. So by changing the 
three factors, I have tried to find the optimal electrochemical deposition condition of this experiment.  
2.2 Simulation of localized electrochemical deposition 
The primary objective of the present work has been to develop methods for simulating shape 
evolution in fully coupled systems with robust general finite element method. In the present paper, 
two approaches were used to develop the capability for modeling the following phenomena 
simultaneously: highly nonlinear boundary conditions for multiple reactions; diffusion, and migration 
in the dilute solution form; multiple species with homogeneous equilibration among them; transient 
behavior; 2D and 3D capability. Some of these capabilities are demonstrated here in an electro 
deposition application. The particular mechanism of additive chemistry has been kept simple: a single 
additive suppresses metal deposition and itself is consumed by electrochemical reaction. The 
description of more sophisticated hypotheses of additive mechanism, such as involving two or more 
species including the role of catalytic ions and the generation of pH changes, could be treated without 
further extension of the shape evolution codes used here. 
In this geometrical model [Fig 2.1], this paper has studied the effect of the distance L (micro 
electrode and substrate) that makes the concentration difference and geometry change with electro 
deposition [61, 62]. This simulation model can be applied to analyze the electrochemical reaction on 
the AFM cantilever integrated with Au electrode [Fig 2.2]. By calculating the this chemical reaction 
between anode and cathode by changing the these parameters, we could get a results of migration and 
diffusion effect of electrochemical deposition. 
Initial condition of electrochemical deposition simulation is 0.2 M of NiSO4, The microelectrode 
with 20μm diameter and the value of the L was from 5μm to 20 μm. In order to understand this 
change in the geometrical model and boundary condition [Fig3.1], we must consider the mass-
transport mechanisms of metal ions. Diffusion of metal ions from the bulk solution to the cathode 
dominates conventional electrochemical deposition. In LECD, however, we must take into account 
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the migration of metal ions that is driven by strong, localized electric fields. The distance L 
determines the interplay between diffusion and migration. Specifically, diffusion prevail at large L 
values, whereas migration increasingly dominates as L decreases. When L reaches the critical value at 
which migration replaces diffusion as the dominating factor, the deposition rate rapidly increases 
because of the strong electric field, changing the growppeid to n structure speed and height.   
COMSOL Multiphysics has several problem-solving benefits. This able to test out various 
geometrical and physical characteristics of various models, so it can really hone in on the important 
design challenges. The flexible nature of the COMSOL environment facilitates further analysis by 
making “what-if ” cases easy to set up and run. It can take simulation to the production level by 
optimizing any aspect of geometric model. Parameter sweeps and target functions can be executed 
right in the user interface. From star t to finish, COMSOL is a complete problem-solving tool. 
This simulation process was based on several numerical methods that simulated the electro chemical 
deposition[63,64].The model simulates the deposition process at pH 2.5, which implies that the proton 
concentration is very low compared to the nickel and sulfate ion concentrations. For this reason, the 
material balance of the protons does not need to be modeled. Sulfate is also treated as a fully 
dissociated ion. The deposition at the cathode and the dissolution at the anode are assumed to take 
place with 100% current yield, which means that the model does not include possible side reactions. 
During the process, differences in electrolyte density arise in the enclosed cell, giving higher density 
at the anode compared to the cathode. This can induce free convection in the cell. Under the modeled 
conditions, however, the variations in composition are small, and it is therefore possible to neglect 
free convection. The process is inherently time dependent because the cathode boundary moves as the 
deposition process takes place. The model is defined by the material balances for the involved ions 
copper, Ni
2+
, and sulfate, SO4
2-
 and the electro neutrality condition. This gives three unknowns and 
three model equations. The dependent variables are the Nickel ion, sulfate ion, and ionic potentials. 
Additional variables keep track of the deformation of the mesh. The flux for each of the ions in the 
electrolyte is given by the Nernst-Planck equation 
 
iφFcu-  zc -D J iiiiii                                                         (1)     
 
Where Ji denotes the transport vector (mol/(m
2
·s)), ci is the concentration in the electrolyte (mol/m
3
), 
zi is the charge for the ionic species, ui is the mobility of the charged species (m
2
/(s·J·mole)), F 
Faraday‟s constant (As/mole), and the potential in the electrolyte (V). The material balances are 
expressed through 
 
0


iJ
t
ci
                                                                 (2)                                                                                      
 
One for each species, that is i= 1, 2. The electro neutrality condition is given by the following 
expression: 
 
 
i
iic-z 0
                                                                    (3) 
  
The boundary conditions for the anode and cathode are given by the Butler-Volmer equation for 
Nickel deposition. The deposition process is assumed to take place through the following simplified 
mechanism: 
 
  Ni  e  Ni -2                                                                  (4) 
Ni  e  Ni -1   
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And this Butler-Volmer equation can be described like this simple equation 
                                   (5) 
 
The concentration at distance x from the surface and at time t can be expressed as ),0( tC . If the 
backward reaction is oxidation concentration is described ),0(0 tC and forward reaction can be 
descried like ),0( tCR .A is the area (m
2
), the rate constants at other potentials can then be expressed 
simply in terms of k
0
, and  is the transfer coefficient. E0 is the potential where the forward and 
reverse rates have the same value. That is called standard potential. All other boundaries are insulating, 
so flux of nickel ions should be zero. For the sulfate ions, insulating conditions applied to everywhere 
and the flux of sulfate ions should be zero. 
 
 
 
Figure2.1 Theoretical equation of electrochemical deposition (Nernst-Plank equation, Butler-Volmer 
equation), and boundary condition 
 
 
 
 
Figure2.2 Image of localized electroplated structure and large scale electroplated structure 
(a) Electrochemical deposition structure and undesirable electroplated area, (b) localized 
electroplated structure, (c) large electroplated structure using a AFM cantilever (d) localized 
electroplated structure using a AFM cantilever 
 )()1()(00 ),0(),0(
0 oEEf
R
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(a) (b)
(c) (d)
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2.3 Results  
2.3.1 Effect of the distance between the anode and the cathode on concentration distribution 
This simulation result shows the concentration distribution and electro-deposited layer of Ni ions, 
after 0.2 seconds of operation. This graph [Fig.2.3-2.5] illustrates the profile of the concentration 
distribution at 5, 10, 20μm (distance between anode and cathode). The electric field strength exhibits   
maximum value at the center of the grown structure. As the gap decreases from 20 to 5 μm, the 
localization of the electric field near the center is further enhanced. In contrast, the maximum field 
shifts from the center to the edge due to the edge enhancement at relatively small gap widths (5μm). 
As the gap decreases from 20 to 5μm, the effect of electric field further increased. And this electric 
field determines the concentration of electrolyte. This electric field simulation verified the migration 
effect of the electro-deposition structure. Simulation of voltage distribution in bulk solution carried 
out to verify the correspondence between the electric potential and the concentration of nickel ions 
present in the solution. Positive ions consumed in cathode area abruptly in strong electric field. As 
this electric field increased between anode and cathode, migration effect was also maximized. In 
cathode area, nickel ions were consumed abruptly because of the chemical reaction. But in anode area 
strong electric field pushed the nickel ions out of the electrode, the concentration of around the 
electrode is quite lower than bulk area. This simulation shows the concentration of flux of electrolyte, 
the concentration of Ni ions between anode and cathode (5μm) is relatively lower than other 
simulation results because the electric field amplified the migration effect and these ions were 
consumed abruptly between anode and cathode. If these ions were consumed on the cathode area, 
concentration distribution is almost same on the substrate. And this concentration distribution 
becomes the major factor of electrochemical deposition. It means that localized electro plating 
occurred at initial electroplating process.    
This results can explained the electrochemical transfer theory. The mass transport of nickel ions in 
the electroplating process is theoretically governed by the Nernst–Planck equation. According to the 
Nernst–Planck equation, the flux (in mol s−l m−2) for the specific ions transported and to be deposited 
and (assigned as Ji) is represented as [equation 9]. where Di is the diffusion coefficient (in m
2
 s
−1
), 
∇Ci is the concentration gradient, ∇φ is the potential gradient, Zi and Ci are the charge 
(dimensionless) and concentration (in mol m
−3
) of species i, respectively, and v stands for the velocity 
(in m s
−1
) of the solution flow under stirring. The convection term in equation could be ignored in the 
LECD process without stirring. In an attempt to calculate the flux of nickel ions transported in the 
LECD process, the geometric transport in a specific electric field should be considered. As soon as the 
biases are applied, nickel ions nearby the electrodes migrate to the cathode surface to discharge and 
are consumed. Instant consumption of nickel ions in the location performing the LECD results in the 
concentration gradient which occurs between this micro-region and its surroundings. The 
concentration gradient is a driving force for further diffusion of nickel ions from the bulk solution to 
the electroplating zone 
By the theory of this electrochemical transport, the concentration distribution result shows that 
migration effect was increased as the electrode approaches the substrate, because the ∇φ is determined 
by distance and range of voltage. And this migration effect can be controlled by changing the voltage 
range. As indicated in this result [Fig2.6-2.8], migration effect was amplified by changing the voltage 
range. 
2.3.2 Application to LECD process with AFM cantilever 
In LECD research papers indicated that to eliminate the undesirable electroplated area, L (distance of 
electrode and substrate) should be under 10µm [65]. In this experiments mentioned that Diffusion 
prevails in large L values, whereas migration increasingly dominates as L (distance of electrode and 
substrate) decreases. When L reaches the critical value at which migration replaces diffusion as the 
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dominating factor, the deposition rate rapidly increases because of the strong electric field, changing 
the grown structure from dense to porous, The electric field strength distribution near the grown 
feature thus has a strong influence on the growth characteristics. In this simulation process, we have 
verified the migration effect by changing the distance between anode and cathode.  
This simulation results implies that to amply the migration effect, the distance between electrode and 
substrate should be under the 10 micro meters. But this rage of distance can‟t be controlled with any 
control motor. Even if we use the high resolution camera to maintain this range, the electrode should 
move parallel direction keeping this distance. But stepping motor can‟t control this high resolution 
distance. So we have devised the new concept of AFM cantilever as it called SECM-AFM. This probe 
has the micro size electrode and the distance between tip and electrode determines the electric field. 
Thus, a precisely defined absolute distance between the microelectrode and the sample surface can be 
obtained by micromachining.  
By considering the results of the concentration at 0.01sec and 0.2sec, localized concentration 
distribution was occurred at the initial time. Even if we use the SECM-AFM cantilever that enables to 
generate the constant electric field, electroplating process should be conducted within few seconds. So 
to fabricate the constant electroplated structure several electroplated structure should be fabricated 
with consecutive steps.   
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Figure 2.3 0.2M of nickel solution 0.4V (anode), -0.4V (cathode), (L= 5μm), (0.01, 0.1, 0.2sec) 
 
 
 
 
 
 
Figure 2.4 0.2M of nickel solution 0.4V (anode), -0.4V (cathode), (L= 10μm), (0.01, 0.1, 0.2sec) 
 
 
 
 
 
 
Figure 2.5 0.2M of nickel solution 0.4V (anode), -0.4V (cathode), (L= 20μm), (0.01, 0.1, 0.2sec) 
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Figure 2.6 0.2M of nickel solution 0.4V (anode), -0.4V (cathode), (L= 20μm), (0.01, 0.1, 0.2sec) 
 
 
 
 
 
 
Figure 2.7 0.2M of nickel solution 0.6V (anode), -0.6V (cathode), (L= 20μm), (0.01, 0.1, 0.2sec) 
 
 
 
 
 
 
Figure2.8 0.2M of nickel solution 0.8V (anode), -0.8V (cathode), (L= 10μm), (0.01, 0.1, 0.2sec) 
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3. Experiment 
3.1 Integrating an ultramicroelectrode to an AFM cantilever 
These presents a novel approach to develop and process a microelectrode integrated in a standard 
AFM tip. The presented fabrication process allows the integration of an electro active area at an 
exactly defined distance above of the end of a scanning probe tip and the subsequent remodeling and 
sharpening of the original AFM tip using a focused ion beam (FIB) technique. Thus, the functionality 
of scanning electrochemical microscopy (SECM) can be integrated into any standard atomic force 
microscope (AFM). With the demonstrated approach, a precisely defined and constant distance 
between the microelectrode and the sample surface can be obtained, alternatively to the indirect 
determination of this distance usually applied in SECM experiments. Hence, this distance able to 
sustain the specific electric field between substrate and electrode. This electric field generates the 
migration effect of the electroplated ions.  
Although several groups have been exploring methods to fabricate nano electrodes by 
electrochemical etching, but only a few results have been published using such small electrodes in a 
conventional SECM experiment. The main reason is the difficulty in scanning with sub micrometer 
electrodes because of a working distance in the nanometer range. Several approaches have been 
reported so far to overcome the fixed height problem in conventional SECM experiments. Other 
approach based on electrochemical signaling uses convective effects when the microelectrode is 
moved at high speed perpendicular to the sample surface [66]. However, neither method provides 
current independent information on the tip-to-sample distance. 
In the present paper, we discuss a novel approach applying a focused ion beam (FIB) technique to 
produce a microelectrode integrated in a standard AFM tip. Thus, a precisely defined absolute 
distance between the microelectrode and the sample surface can be obtained by micromachining. FIB 
is an attractive tool for various maskless processes with the capability for micro-fabrication metrology 
and highly resolved three-dimensional imaging of complex multilayer structures. The presented 
fabrication process allows the integration of an electro-active area to obtain electrochemical 
information at an exactly defined distance above of the end of the tip and the subsequent remodeling 
and sharpening of the original AFM tip for generating the specific electric field. Thus, SECM 
functionality can be integrated into any standard AFM without further major modification of the 
system. 
3.2 Fabrication process of AFM cantilever integrated with a microelectrode 
3.2.1 Parylene adhesion layer coating 
Parylene or perilene is a polycyclic aromatic hydrocarbon with the chemical formula C20H12, 
occurring as a brown solid. It or its derivatives may be carcinogenic, and it is considered to be a 
hazardous pollutant. In cell membrane cytochemistry, parylene is used as a fluorescent lipid probe. It 
is the parent compound of a class of rylene dyes. But for its characteristic of insulation and dense 
quality it is widely used for insulation layer. Its dense characteristic also blocks the chemical 
penetration in liquid electrochemical experiments. But this material is also one kind of 
Macromolecule and easily transforms its shape under high temperature. So this insulation layer was 
used in final layer for insulation. But after several experiments this layer was easily reacted with the 
sulfamate solution. So Perylene material was limited in this electrochemical experiment because of its 
PH level and sulfamate adhesion on insulation layer.  
And this insulation layer deposited with homogeneous direction. So by depositing only one time, 
whole surface of cantilever can be deposited with uniform layer. This insulation layer was deposited 
with 500nm thickness. Because of the characteristic of polymer like parylene, this insulation layer 
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was used as an adhesion layer. If the paryelene insulation layer was heated over 220°C, this layer will 
be melt slightly and hold the electrode layer strictly.  
Originally, Cr and Ti materials are widely used in as an adhesion layer of metal coating. Without this 
adhesion layer, metal layer easily stripped out form the surface of AFM cantilever. Even a small 
scratch on the surface damages the whole surface of AFM cantilever. Especially in this fabrication 
process, AFM metal alligators are used in PECVD process. When grasping the AFM pad or tearing 
off the AFM cantilever, Au or Pt layer on AFM pad easily stripped out from the surface of AFM 
cantilever. But in this electro chemical experiment, an Au electrode on the cutting area was not 
founded after experiment. Even after several CV-voltametric were experimented, Au electrode could 
not found on the image of EDAX [Fig 3.1]. The reason of metal layer‟s stripping out is expected to 
come from galvanic corrosion. Galvanic corrosion is an electrochemical process in which one metal 
corrodes preferentially to another when both metals are in electrical contact and immersed in an 
electrolyte. This kind of galvanic reaction is exploited in primary batteries to generate a voltage. 
Dissimilar metals and alloys have different electrode potentials and when two or more come into 
contact in an electrolyte a galvanic couple is set up, one metal acting as anode and the other as 
cathode. The potential difference between the dissimilar metals is the driving force for the accelerated 
attack on the anode member of the galvanic couple. The anode metal dissolves into the electrolyte, 
and deposition is formed on the cathodic metal. The electrolyte provides a means for ion migration 
whereby metallic ions can move from the anode to the cathode. This leads to the anodic metal 
corroding more quickly than it otherwise would; the corrosion of the cathodic metal is retarded even 
to the point of stopping. The presence of an electrolyte and an electronic conducting path between the 
metals is essential for galvanic corrosion to occur. 
If the Au electrode covers the Cr layer completely, ion can‟t move through the electrolyte. But after 
FIB cutting, Cr layer acted as an anodic electrode. So Cr layer lost its electrons and became the 
positive ions. So these metal ions are melted down to the electrolyte and Au layer also stripped out 
from the surface of AFM electrode surface. To prevent the galvanic corrosion effect, other adhesion 
layers are considered in fabrication process. In other research fabrication process, they used the Si-
oxide as the adhesion layer for Au electrode. But as discussed in prior experiments, this PECVD is not 
adequate in controlling the thickness of insulation layer with metal alligator.  
In conclusion, the adhesion layer should be non metal material to prevent the galvanic corrosion 
between electrode and adhesion layers. parylene insulation layer is widely used as a final insulation 
layer. And this material is one kind of Macromolecule and easily transforms its shape under high 
temperature. So this insulation layer was used in final layer for insulation. Even if this material is 
vulnerable in high temperature, this material can be used as a bond between metal layer and Si 
cantilever. If this parylene layer melt down in high temperature, this sticky layer hold the metal layer 
like adhesive glue. In this experiment, parylene layer was deposited thinner than Au electrode layer. If 
the parylene layer is thicker than Au layer, deposited Au layer will be changed its shape in high 
temperature. So in this experiment 200nm of parylene layer was used as an adhesion layer. In PECVD 
process inner temperature was set on 250°C. Because Au thin layer was easily oxidized over 350°C, 
so in this experiments, deposition temperature was adjusted to 250°C. In this process, parylene was 
melted down slowly and this sticky layer holds the Au layer strongly.  
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Element Wt% At% 
  BK 28.49 30.68 
  CK 71.48 69.30 
 SiK 00.03 00.01 
  SK 00.00 00.00 
Matrix Correction ZAF 
 
Fig 3.1 (a, b) AFM with Au electrode before electroplating experiment, (c, d) Au electrode galvanic 
corrosion after electroplating experiment, (e) The portion of AFM cantilever after galvanic 
corrosion   
 
 
(c) (d)
(e)
(a) (b)
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3.2.2 Metal Coating of the AFM Cantilever with E-beam evaporator 
 Silicon nitride cantilevers were coated with this layer of Cr and Au by E-beam evaporator (Woosung, 
Korea). Electron beam source is shown by the power supply to the hot filament electron beam by the 
magnetic field induced by magnet. Cr and Au were deposited with 20nm and 100nm on the Silicon 
nitride cantilevers. Cr layer was used for adhesion layer. But this adhesion layer caused galvanic 
corrosion when contact with other material especially when these two materials are in an electrolyte. 
So this kind of metal adhesion layer applies to non electrochemical device. 
 Distortion of the cantilever geometry was observed after sputtering stage up to 200 nm gold onto the 
cantilever. Because the gold layer was deposited only one side of the cantilever so deposition layer 
was limited 150nm. If the deposited layer is over than 150nm, AFM cantilever curves toward the 
deposited direction. By using the DC sputtering equipment this shortcoming factor can be eliminated 
from the fabrication process. Because E-beam evaporator process‟s deposition direction is directivity 
of deposition layer, on the other hand, the deposition layer of DC stuttering process has the equal 
deposition layer on the both side of AFM cantilever. But limitation of equipment usage, E-beam 
evaporator was used in this fabrication process. 
Cr and Ti are widely used as the adhesion layer. Without this layer, metal deposited layer easily 
stripped out from the surface. Other research process shows that they used the Si-oxide layer on the 
surface of AFM cantilever. By depositing the rough Si-oxide layer Au of Cr layer can be adhere to the 
surface of AFM cantilever. But considering the cost and complicated fabrication process, this process 
used the Cr layer as the adhesion layer. 
3.2.3 Insulation layer of the Metal-Coated AFM Cantilever by (PECVD) 
Thin insulating and chemically inert coatings can be achieved by PECVD. Originally A silicon 
nitride layer should be deposited onto the metal-coated AFM cantilever at 300 °C by reacting 
tetrahydrosilane and ammonia at a pressure of 1 Torr and a power of 10 W (SORONA, Korea). This 
temperature is desirable to produce dense films without pin holes, the cantilever had to be tempered 
for at least 30 min at 300°C. But Au thin layer was easily oxidized at this temperature, so in this 
experiments, deposition temperature was adjusted to 250°C. A film thickness of 700-900 nm was 
achieved by processing times between 30 and 40 min. To optimize the film thickness and the density 
of the produced films, the PECVD process was repeated several times with shorter deposition times. 
For achieving an 800-nm-thick film, 4 times 10 min was selected as the deposition parameter. For 
achieving a complete insulation of the standard Si3N4 and SiO2 cantilevers, which are originally gold-
coated on the rear to improve the optical detection of the cantilever deflection in liquid, the PECVD 
process had to be carried out on both sides. Therefore, the cantilevers needed to be mounted on the tip 
side without destroying the tips while ensuring a proper heating of the cantilever. Simultaneous 
coating of several cantilevers is possible by this procedure.  
Insulation layer of PECVD was deposited directionally because of its mechanical installation. If 
insulation layer is deposited only one side on gold surface, thermal expansion generates the 
deformation to the only one side. To overcome its limitation, RF-sputtering was considered for 
silicon-dioxide layers due to its operation temperature. But to fabricate the dense and high resistance -
electrochemical solution insulation layer, PECD was generally used to fabricate the silicon dioxide 
layers. To fabricate the homogeneous deposition layer, AFM cantilever was erected vertically fixed in 
Alligator clip. This brass clip was originally Anti-magnetic material. But in the high temperature 
chamber, this characteristic changed because of its high temperature and impurities. After PECVD 
process, most of the brass alligator was changed to magnetic material. This magnetic surface changed 
the plasma concentration around the alligators. So dense Si-nitride and Si-oxide deposited on the 
surface of the brass clip. Because of this magnetic character of brass clip, depth of the insulation layer 
was not controlled on the PECVD chamber. By controlling the thickness of insulation layer using a 
PECVD, 4micrometer of silicon dioxide and silicon nitride insulation layer was deposited on the Au 
electrode. The magnetic field made the thicker insulation layer on the AFM surface, but quality of this 
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insulation was far worse than insulation layer that was deposited without magnetic field. Because of 
these constraints of fabrication process, Insulation layer was deposited up to 4 micrometer. To verify 
whether this insulation layer fully insulate the surface of Au electrode, cyclic voltammetry test was 
conducted after FIB test. The electrochemical characterization of the integrated microelectrodes was 
performed in a three electrode system (anode, cathode, reference electrode) with a 
silver/silverchloride reference electrode (Agilent Korea) I-vium potentiostat (I-vium/Netherlands). 
The electrochemical setup was located in a Faraday cage. Cyclic voltammetry was performed using a 
personal computer equipped with a i-vium potentostat data analysis system that enables the cyclic 
voltammetric mode. Linear-sweep voltammetry in 0.01 mol L
-1
 [Fe(CN)6]
4-
 with 0.5 mol L
-1
 
potassium chloride, respectively, as supporting electrolyte was employed to determine the insulation 
quality of the silicon nitride and Si-oxide layers. Although special care was taken during the manual 
handling of the modified cantilevers, occasional scratching of the silicon nitride layer could not be 
avoided. Hence, to prevent leakage currents, the cantilever mounts were additionally protected by an 
insulation varnish applied using a fine micro-brush. An additional insulation of the mount results in a 
well-coated cantilever, thus demonstrating that the cantilever and the tip are entirely covered with 
silicon nitride and silicon dioxide. Linear-sweep voltammograms were recorded without further 
cleaning steps of the electrode area. Although the shape of the integrated microelectrode is that of a 
triangle-shape microelectrode, the theoretical description of ring microelectrodes was utilized to 
characterize the electrochemical behavior of the tip because of the lack of a comprehensive theoretical 
description for square-frame electrode geometries. If this insulation layer is fully insulated, a current 
range of cyclic voltammetry reached to satruted level [Fig 3.2 (b)]. But if there are cracks or holes that 
make the current leakage of electrode, this current range was not able to reach to saturated level [Fig 
3.2 (a)]. Prior to PECVD process, several insulation layers were applied as a final insulation layer. 
Parylene insulation layer was also used in this fabrication process.     
As mentioned in characteristic of parylene, it is widely used in insulation layer. Its dense molecule 
layer blocks the chemical penetration into the Au electrode. After FIB cutting process, Au electrode 
layer and parylene insulation layer were exposed to electrolyte. As indicated in graph [Fig 3.2], the 
current range of cyclic voltammetry graph of parylene insulated AFM cantilever after FIB cutting is 
far higher than that of silicon dioxide insulated AFM cantilever after FIB cutting. This means that 
there are several cracks or holes between the electrode and parylene insulation layer. So these tiny 
holes made the capillary effect and amplified current range. Even if PECVD process has some 
restriction in fabrication process, it was proved as an adequate insulation layer for AFM cantilever 
integrated with Au electrode.  
 
 
 
Fig 3.2 (a) Cyclic voltammetry graph of Parylene insulated AFM cantilever after FIB cutting  
      (b) Cyclic voltammetry graph of Si-oxide insulated AFM cantilever after FIB cutting 
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3.2.4 Focused ion beam cutting of the modified AFM cantilever. 
To obtain a well-defined microelectrode integrated in an AFM tip at a specific distance above the 
apex of the tip, a FIB technique (FEI, USA) was used. Focused ion beam, also known as FIB, is a 
technique used particularly in the semiconductor industry, materials science and increasingly in the 
biological field for site-specific analysis, deposition, and ablation of materials. An FIB setup is a 
scientific instrument that resembles a scanning electron microscope (SEM). However, while the SEM 
uses a focused beam of electrons to image the sample in the chamber, an FIB setup uses a focused 
beam of ions instead. FIB can also be incorporated in a system with both electron and ion beam 
columns, allowing the same feature to be investigated using either of the beams. FIB should not be 
confused with using a beam of focused ions for direct write lithography (such as in proton beam 
writing). These are generally quite different systems where the material is modified by other 
mechanisms. The ion beam is generated by a liquid-metal ion source (LMIS), and the application of a 
strong electrostatic field causes the emission of positively charged ions from liquid gallium, which is 
formed on the tip of a tungsten rod. Modern systems involve the transmission of a parallel beam 
between two lenses. A set of apertures is used to select the current of the beam and, hence, the beam 
size. Besides the imaging feature, the ion beam could also be used to remove material from the 
surface of a sample. Additionally, a gas can be introduced via gas needles positioned near the area 
being milled to increase etching rates and to minimize the re-deposition of the milled material in the 
region surrounding the modified surface. This technique was found to be particularly suitable for the 
presented structural modifications of the AFM cantilever. 
The FIB system operates at acceleration voltages between 15 and 50 kV with a gallium LMIS and 
allows the use of ion beams having currents ranging from 1 pA to 5 nA. The cutting process includes 
several diametrically opposed cuttings, which are repeated several times in order obtain the 
demonstrated tip geometry. As a final step, redeposited material was removed from the electrically 
active part of the tip by a cleaning procedure using clearance milling by FIB. To obtain the several 
types of gold electrode, FIB cutting size was variably set upped. This electrode type determines the 
electroplated size and current signal range. 
3.2.5 Fabrication process of single and dual electrode of AFM cantilever  
In single electrode fabrication process, a standard AFM cantilever was coated with a gold layer by E-
beam evaporator, which allows the deposition of a wide range of electro active materials in addition to 
gold. Gold layers having a thickness of 100 nm was chosen in order to achieve a well-conducting film. 
E-beam evaporator process‟s deposition direction is directivity of deposition layer. On the other hand, 
the deposition layer of DC stuttering process has the equal deposition layer on the both side of AFM 
cantilever. And this directional deposition process bended the AFM cantilever. Because this deposited 
molecules cohered after new layer was cooled down in process of E-beam evaporator. And over than 
200nm deposition layer, its AFM board wrapped severely and could not scan the surface. To fabricate 
the more than 200nm thickness of deposition layer, DC sputtering equipment was needed because DC 
stuttering process has the equal deposition layer on the both side of AFM cantilever. But considering 
the cost of its equipment usage, semi sputtering for SEM was used to fabricate the deposition layer of 
200nm thickness layer. But this equipment „deposition direction is also one side and deflected to the 
side of metal target direction. So to fabricate more than 200nm thickness of Au electrode layer, 100nm 
deposition layer was also deposited on the back side surface of surface AFM cantilever. By using this 
process, stiff AFM cantilever with 300nm Au electrode was fabricated. And parylene layer was 
deposited as an adhesion layer. Without the adhesion layer like Cr and Ti, Au electrode easily stripped 
out from the surface of AFM cantilever. So by using the Parylene layer, this layer could hold the Au 
layer slightly. And after PECD process this temperature make the Parylene deformed and this layer 
hold the electrode layer strongly .  
Thin insulating and chemically inert coatings can be achieved by PECVD. Originally A silicon 
nitride layer should be deposited onto the metal-coated AFM cantilever at 300 °C by reacting 
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tetrahydrosilane and ammonia at a pressure of 1 Torr and a power of 10 W (SORONA, Korea). This 
temperature is desirable to produce dense films without pin holes, the cantilever had to be tempered 
for at least 30 min at 300°C. But Au thin layer was easily oxidized at this temperature, so in this 
experiments, deposition temperature was adjusted to 250°C. To fabricate the homogeneous deposition 
layer, AFM cantilever was erected vertically fixed in Alligator clip. This brass clip was originally 
Anti-magnetic material. But in the high temperature chamber, this characteristic changed because of 
its high temperature and impurities. After PECVD process, most of the brass alligator was changed to 
magnetic material. And this magnetic surface changed the plasma concentration around the alligators. 
Even if the process of deposition layer was set to thickness of 300nm, more than 3000nm was 
deposited on the surface of AFM cantilever. But under this thickness layer, chemical ions penetrate 
the insulation layer, and reacted with Au electrode.  
As discussed in prior page, Au electrode thickness is limited because of its bending problem after 
electrode layer coating. But by fabricating the double electrode electrodes, it could somewhat 
overcame the electrode thickness problem. The fabrication process is like [Fig 3.5]. First, by using the 
Parylene as an adhesion layer, Au layer was deposited with E-beam evaporator or semi sputtering. 
And then Parylene layer was deposited more than 1mico-rmeter. Next, by depositing the second 
electrode layer, the double layer was fabricated in AFM cantilever. The layer was deposited close to 
150nm and back side of AFM cantilever was also deposited with Au layer. Because this layer resists 
the bending of AFM cantilever severely and this layer can be used as a reflect layer for AFM detector.  
The final insulation layer was used by Si-oxide and Si-nitride with PECVD. This insulation‟s 
thickness and PECVD environment s were same as the first fabrication process. To optimize the film 
thickness and the density of the produced films, the PECVD process was repeated several times with 
shorter deposition times. For achieving an 800-nm-thick film, 4 times 10 min was selected as the 
deposition parameter. For achieving a complete insulation of the standard Si3N4 and SiO2 cantilevers, 
which are originally gold-coated on the rear to improve the optical detection of the cantilever 
deflection in liquid, the PECVD process had to be carried out on both sides. 
The FIB system operates at acceleration voltages between 15 and 50 kV with a gallium LMIS and 
allows the use of ion beams having currents ranging from 1 pA to 5 nA. The cutting process includes 
several diametrically opposed cuttings, which are repeated several times in order obtain the 
demonstrated tip geometry. 
 The electrochemical characterization of the integrated microelectrodes was performed in a three 
electrode system (anode, cathode, reference electrode) with a silver/silverchloride reference electrode 
(Agilent Korea) sing I-vium potentiostat (I-vium/Netherlands). The electrochemical setup was located 
in a Faraday cage. Cyclic voltammetry was performed using a personal computer equipped with a i-
vium potentostat data analysis system that enables the cyclic voltammetric mode. Linear-sweep 
voltammetry in 0.01mol L
-1
 [Fe(CN)
6
]
4- 
with 0.5 mol L
-1
 potassium chloride, respectively, as 
supporting electrolyte was employed to determine the insulation quality of the silicon nitride and Si-
oxide layers. Although special care was taken during the manual handling of the modified cantilevers, 
occasional scratching of the silicon nitride layer could not be avoided. Hence, to prevent leakage 
currents, the cantilever mounts were additionally protected by an insulation varnish applied using a 
fine micro-brush. An additional insulation of the mount results in a well-coated cantilever, thus 
demonstrating that the cantilever and the tip are entirely covered with silicon nitride and Si-oxide. 
Linear-sweep voltammograms were recorded without further cleaning steps of the electrode area. 
Although the shape of the integrated microelectrode is that of a triangle-shape microelectrode, the 
theoretical description of ring microelectrodes was utilized to characterize the electrochemical 
behavior of the tip because of the lack of a comprehensive theoretical description for square-frame 
electrode geometries. 
 This range of current indicates that saturated current in cyclic vlotammetric. The current increases 
around 0.25V steeply and reaches saturated current range around 0.45V. This curve was shown in 
fully insulted except electrode. If there is a minor hole around the cantilever or electrode chemical 
reaction can‟t reach the saturated level. Diffusion layer was made by the gradient of concentration. If 
there is a small holes and cracks these tiny hole inhales the electrolyte because of capillary 
phenomenon. In this case the current range can‟t reach the saturated level.  
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The current range of electrochemical reaction is determined by dimension of electrode and the 
concentration of electrolyte. To compare the size and dimension of electrode, chemical reaction test 
was done before the electrochemical deposition experiment. To detect the range of electro chemical 
reation three electrode system was used in this experiment. The electrochemical characterization of 
the integrated microelectrodes was performed in a three electrode system (anode, cathode, reference 
electrode) with a silver/silverchloride reference electrode (Agilent Korea) sing I-vium potentiostat (I-
vium/Netherlands). The electrochemical setup was located in a Faraday cage. This experiment 
indicated that the current range of electro-chemical signal of double electrode was comparably high 
comparing the single electrode [Fig3.7]. This current range determines the the area of electrochemical 
reaction of electrode. Even if the dimension is comparably larger than another one, the current range 
can be low, if the electrode is oxidized or chemical ions are hindered by some barriers.  
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Fig 3.3 Fabrication process of AFM cantilever with double Au electrode 
 
 
(a) Si-cantilever (Nano world/Cont probe) Thickness: 2μm, Mean width: 50μm, Length: 450 
(b) Parylene adhesion layer(500nm) 
(c) Gold E-beam evaporator deposition( Au:100nm) 
(d) Second Parylene adhesion layer(1.5μm) 
(e) Second gold E-beam evaporator deposition( Au:100nm) 
(f) PECVD Si-oxide, Si-nitride insulation layer deposition at 250°C (total thickness: 5μm) 
(g),(h) FIB cutting process, cutting for Au exposure and edge point of AFM tip 
 
 
 
 
 
Fig 3.4 SEM image AFM cantilever with double electrode 
 
 
 
 
(a)
(h)
(b)
(c) (d)
(e) (f)
(g) (h)
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Fig 3.5 Fabrication process of AFM cantilever with single Au electrode 
 
(a) Si-cantilever (Nano world/Cont probe) Thickness: 2μm, Mean width: 50μm, Length: 450 
(b) Parylene adhesion layer(500nm) 
(c) Gold E-beam evaporator deposition( Au:100nm) 
(d) PECVD Si-oxide, Si-nitride insulation layer deposition at 250°C (total thickness: 5μm) 
(e),(f) FIB cutting process, cutting for Au exposure and edge point of AFM tip 
 
 
 
 
 
Fig 3.6 SEM image AFM cantilever with single electrode 
 
 
 
 
 
(a) (b)
(c) (d)
(e) (f)
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Fig 3.7 Linear-sweep voltammetry in 0.01mol L
-1
 [Fe(CN)
6
]
4- 
with 0.5 mol L
-1
 potassium chloride 
(a) Cyclic voltammetry graph of dual electrode, (b) Cyclic voltammetry of single electrode 
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3.3 Experiment set up  
3.3.1 Three electrode system and AFM lithography 
 3-electrode system is composed of working electrode (WE), counter electrode (CE), reference 
electrode (RE). Voltage signal generated from the WE and CE make the closed circuit. If an oxidation 
reaction occurred in WE reduction reaction should be reacted on CE. And reference electrode worked 
as standard voltage [Fig3-8]. A range of voltage signal on reference electrode is fixed because of its 
oxidation reaction. In the 3-electrode system, we used the voltage signal generator (I-viumstat, 
Netherlands). This voltage signal generator enables to control the nano scale of voltage and current 
signal. The voltage signal generator was applied to AFM system and WE linked to an electrode of 
AFM cantilever and CE linked to substrate [Fig3-8].  
 AFM system enables to control the nano meter scale movement by using a piezo resistor. The AFM 
is one of the foremost tools for imaging, measuring, and manipulating matter at the nanoscale. 
Piezoelectric elements that facilitate tiny but accurate and precise movements on (electronic) 
command enable the very precise scanning. In some variations, electric potentials can also be scanned 
using conducting cantilevers. In newer more advanced versions, currents can even be passed through 
the tip to probe the electrical conductivity or transport of the underlying surface. But in this 
experiment set up applied the WE to AFM cantilever directly and anode reaction was generated from 
Au electrode on an AFM cantilever [Fig.3-9].  
 
 
 
Fig 3.8 (a) AFM (USA, Agilent), (b) AFM scanner and substrate, (c) voltage signal generator (I-
viumstat, Netherlands)   
 
 
      
 
Fig 3.9 System of micro conductive structure fabrication process with AFM and voltage signal 
(a) (b)
(c)
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3.3.2 Voltage signal for electrochemical deposition process 
The mass transport of Ni ions in the electroplating process is theoretically governed by the Nernst–
Planck equation. According to this equation, the flux (in mol s
−l
m
−2
) of the specific ions to be 
deposited (assigned as Ji) is represented as  
                  
 
                                              (9) 
 
Where Di is the diffusion coefficient (in m
2
/s), ∇ Ci is the concentration gradient; ∇ , the 
potential gradient; Zi and Ci, are the charge (dimensionless) and concentration (in mol/m
3
) of the 
species i, respectively, and v stands for the flow velocity (in m/s) of the solution under stirring. In (Eq) 
the flux is expressed in detail with three terms to describe the contribution of diffusion, migration, and 
convection, respectively. The diffusion coefficient (Di) of Ni ions in the solution is 7.14×10−10m
2
/s [ . 
The concentration of Ni ions in the bulk solution is 0.2×10
3
 mol/m
3
. The convection term can be 
ignored in the LECD process without stirring. To calculate the flux of Ni ions transported to the 
region where LECD takes place, the geometric transport in a specific electric field should be 
considered. As soon as a voltage is applied, the Ni ions in the solution tend to migrate to the cathode 
and are discharged due to electrochemical reduction. The electrochemical reduction causes the 
consumption of Ni ions in the LECD region. As mentioned previously, this consumption results in a 
concentration gradient to drive the diffusion of copper ions from the surrounding into the micro region 
of LECD.  
As discussed in simulation results, localized concentration of electrochemical ions are noticeable in 
low concentration and high electric field conditions. In this experiments used the 0.2M concentration 
of electrochemical solution for this experiment. But over 1.2V level of input voltage was not used in 
this process because this voltage range made the bubble generation effect on the anode surface[Fig. 
And bubble lifts the AFM cantilever tip because of buoyancy effect. So AFM cantilever tip could not 
detect the surface topology.    
A literature survey revealed that almost all the LECD (localized electrochemical deposition) papers 
concentrated on direct current (DC) electroplating. Based on this experience with conventional 
electroplating, pulse current (PC) was expected to be better than DC for obtaining fine-grained 
deposits with smooth surface. This LECD process, several methods were applied for fabricating the 
constant width of electroplated lines. 
3.3.3 Electrochemical deposition experiments 
The schematic diagram for the experimental setup is shown in [Fig 3-9]. The electrical signal was 
generated by a function generator (I-vium/Netherlands). While the AFM tip with the applied ultra-
short pulse was moved on the surface of the Cu film, the electrochemical reaction occurred along the 
path of the AFM tip, resulting in the generation of the nano-scale structure on the film. During the 
localized electrochemical deposition, the tip contacted with Cu substrate but electrode and substrate 
have the constant distance each other. To further conduct the electrochemical deposition process, then, 
the AFM scanner was moved up immediately to bring the tip into contact with the Cu film by the 
AFM feedback system. This lithography tool enabled to locate the AFM scanner to the specific point 
and also control the scan rate of lithography. If we applied appropriate rate of this AFM tip velocity, it 
could remain in the specific point while the electro-deposition was progressed.  
To avoid the bubble generation on the substrate, voltage range of substrate was detected 
continuously. In this experiment, if the substrate‟s voltage range reached -1.1V, bubble was generated 
on the substrate [3-10]. In this three electrode system, working electrode applied to the AFM 
cantilever and this working electrode applied the positive voltage signal. And the counter electrode 
was applied to the substrate. Counter electrode‟s voltage range is determined passively by the working 
electrode. It means that substrate‟s voltage range determined by the AFM‟s input voltage and 
clearance of Cu substrate. If the Cu substrate oxidized in the room temperature of laboratory, this 
 C +∇CD
RT
FZ
  -C∇D- = J iii
i
 iii 
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substrate can‟t be used as the substrate. So this substrate should be used right after Cu film was 
deposited.  
 If 0.9V was applied to the AFM cantilever, substrate‟s voltage range was fixed from -0.9V to -1V. 
This voltage range should be kept to avoid the bubble generation range. As described in cyclic 
voltammetric graph current range amplified from -0.2V and this graph indicates that chemical 
reaction occurred in this voltage range [Fig 3-10]. In standard voltage graph, nickel ions were 
deposited at -0.24V. So this graph range indicates that current range is mostly comes from the nickel 
reduction reaction and minus range means that amount of ions reaction. So to fabricate the electro 
deposited structure, substrate‟s voltage range should under -0.24V.  
 
 
Fig 3.10 (a) Ni-sulfate solution cyclic votammetry graph (b) Bubble generation on the substrate 
 
3.3.4 Electro chemical deposition solution (nickel sulfate (NiSO4) and calcium hydroxide (CaOH) 
mixed solution) 
Typical electrochemical deposition solution contains the positive ions and negative ions. Positive 
ions like sulfate and sulfate are widely used in like Ni, Cu, Cr and other electro deposition solution. 
These chemical solutions are easily divided into positive and negative ions, so we called water-soluble 
material. But in electro chemical process, positive ions oxidation should be equal to the same as the 
negative ions reduction. So if the current was generated from the cathode, same amount of anodic 
current should be generated from the anode. And this means that sulfate or sulfate ions should be 
oxidized on the surface of electrode. Anodic decomposition products of sulfate ions have been known 
to exert significant effects on the quality of electroformed nickel deposits in nickel electroforming 
baths. Especially in this electrochemical experiment, sulfate deposition was the major problem in 
generating the electric field between substrate and AFM electrode. Even a submicro size of 
decomposition products can cover the whole surface of the anode electrode. Many of the AFM 
cantilever integrated with micro-size Au electrode were oxidized after electro chemical deposition 
process [Fig 3-11].  
If the electro chemical solution is composed of positive ions that in not adhere to the surface as a 
solid components like gas or liquid, this kind of electro chemical solution can be used for the sub 
micro electrode. Ni hydroxide is composed of nickel and hydroxide for positive ions. But this 
electrochemical is insoluble solution and widely used as the electrode not for electrochemical 
deposition. Ni carbonate is also composed of carbonate as the positive ions but this chemical only 
soluble in strong acid solution. After this electrochemical solution experiments, electrode was covered 
by the Anodic decomposition products, so electric field was hardly generated between electrode and 
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substrate. So the electro chemical deposition structure was fabricated just initial electrochemical 
deposition of this experiment. As shown in this picture [Fig 3.11], sulfate components are adhered to 
the anode electrode. This adhered material blocks the electric field between electrode and substrate. 
And chemical ions are not able to transfer the electrons and current could not transfer through the 
electrode. So how to eliminate the anodic adhered components is the major problem in this 
experiment.  
Ni-sulfate solution is the conventional electroplating solution and many of LECD experiment results 
shows that by applying the more than 4V voltage signal, they could fabricate the constant 
electroplated structure. As a result of the applied voltage between the tip and the substrate, the 
electrochemical reaction that takes place at the tip (positively biased) is the oxidation of water H
2
O = 
O2 + 2H
+
+2e
-
 . While at the substrate (negatively biased), Ni
2+
 ions are reduced in two consecutive 
steps and the overall reduction (deposition) reaction is Ni
2+
+ 2e
-
=
 
Ni. So this oxidation water supplied 
the electrons to the anode electrode and bubble generation blocks the sulfate adhesion problem. But 
this high voltage is not fit to AFM scanning probe because bubble generation hinders the laser 
detection.  
So to eliminate the sulfate in Ni-sulfate solution, Ca-hydroxide solution was added in this 
electrochemical solution. If the sodium ions are added into the Ni-sulfate solution, nickel ion loses its 
electrons and becomes ionized into the solution. And sodium ions are beginning to combine with 
sulfate ions. So these combined components are settled beneath the bottle. OH
2-
 does not contain the 
solid material and even if these components are oxidized on the anode surface it becomes gas and 
generating the bubbles [Fig 3.12]. 
In this experiments, portion of the Ni-sulfate and sodium hydroxide is important to determine the 
concentration of Ni ions in solution. The range of concentration of Ni ions can be estimated by 
intensity of the color. Several Nickel electroplating solutions have the green color. If the concentration 
of its solution increases, its color also becomes thick. In this experiment, by synthesizing two 
chemical compounds Ni-sulfate and sodium hydroxide, Ni hydroxide chemical solution was 
manufactured with different concentration. If the ratio of Ni-sulfate and sodium hydroxide is 1:1(Ni-
sulfate 0.1M and sodium hydroxide 0.1M), the color of the synthesized solution is almost transparent. 
It means that Nickel solution does not contain enough Nickel ions in the Nickel and sodium 
compound solution. If the sodium ions combined with sulfate ions hydroxide ions are remain in 
electroplating solution. But the concentration of hydroxide is comparably high in the solution Ni ions 
and hydroxide ions are combines with each other and became settled as a form of solid matter. This 
solid matter is called Nickel hydroxide and this material is not soluble in water. So by decreasing the 
portion of sodium ions, optimal portion of nickel and sodium composited electroplating solution was 
fabricated. In several experiments, when compositing the nickel sulfate and sodium hydroxide with 
the portion of 3:1 or 2:1, an oxidized substance was not detected on the AFM electrode.   
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Fig 3.11 Anodic decomposition products (SO4) on the AFM cantilever integrated with Au electrode 
 
 
 
Fig 3.12 (a) Mixture of nickel sulfate (NiSO4) and calcium hydroxide (CaOH) solution, (b) The 
process of getting rid of anodic oxidation components (sulfate, SO4
2-
). 
 
 
 
 
 
 
(a) (b)
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3.4 Micro patterning with LECD 
3.4.1 Printed geometry of dual electrode 
As discussed in prior experiments, the range of electrode‟s thickness is limited because of its 
bending degree after Au deposition. If the thickens of electrode reached to specific range, it will easily 
stripped out from the surface. So by fabricating the dual electrode, it able to enlarge the dimension of 
electrode and could fabricate the uniform electroplated structure. The fabrication process was already 
described in the prior page and the total thickness should be under 7micro-meter. If the thickness of 
electrode over than this range, the stiffness of AFM cantilever becomes too stiff and the AFM 
cantilever tip will scratch the electroplated structure easily.  
The dimension of electroplated structure is determined by current range and applied voltage. WE 
electrode linked with an Au electrode of the AFM cantilever, the range of current indicates that 
hydroxide ion‟s oxidation. The applied voltage range was determined by cyclic voltammetry test. If 
more than 0.9V signal was applied to the AFM cantilever, substrate‟s voltage range was fixed from -
0.9V to -1V. This voltage range should be kept to avoid the bubble generation range. As described in 
cyclic voltammetric graph current range amplified from -0.2V and this graph indicates that chemical 
reaction occurred in this voltage range [Fig 3-10]. In standard voltage graph, nickel ions were 
deposited at -0.24V. So this graph range indicates that current range is mostly comes from the nickel 
reduction reaction and minus range means that amount of ions reaction. So to fabricate the electro 
deposited structure, substrate‟s voltage range should under -0.24V. But this range was somewhat 
different from the condition of copper substrate. Because of this restriction of experiment, copper 
substrate should be treated carefully. If an anode potential around 0.6V was applied to AFM 
cantilever integrated with Au electrode, the potential range of substrate reached to around -0.4V~-
0.5V. The potential range of substrate was almost same even if we used the different copper substrate. 
And a range of anode currents is determined by the range of hydroxide‟s oxidation level and the 
concentration of electrolyte surrounding the anode electrode. If the hydroxide ions are consumed 
around the anode electrode, concentration of electrolyte is lower than bulk concentration. After 60sec 
of electroplating process, the concentration of electrolyte‟ ions is quite lower than bulk concentration 
and only few nickel ions are deposited on the substrate. The current range determines the 
electrodeposited structure‟s size and dimensions. With 4 times of electroplating process, the geometry 
and size of electroplated structure was almost same in several experiments [Fig3.15]. The 
electroplated structure‟ geometry is divided by two areas [Fig3.13, 3.14]. Because the AFM 
cantilever‟s tip located middle point of electrode and this tip area blocks the ion‟s transfer. And the 
concentration gradient was formed around the AFM tip. Because of a characteristic of this AFM‟s 
geometry, it printed this shape of electroplated structure that is divided in two areas [Fig 3.15, 3.16]. 
Double electrode AFM cantilever fabricated the 7~8μm width and 250nm height of electrode plated 
structure. And this dimension was determined by concentration of electrolyte [Fig 3.15, 3.16]. 
 
 
                  
 
Fig 3.13 (a) Image of electroplating process with AFM integrated with Au electrode (a) Front view of 
AFM , (b) Side view of AFM 
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Fig 3.14 (a) Applied potential (0.6V, 60sec) of 0.2M NiSO4 and 0.1M CaOH, (b) Current range of 
applied potential (0.6V, 60sec) 
 
 
  
 
  
 
Fig 3.15 AFM image of electroplated structure, Input voltage (0.6V, 60sec), Ni-sulfate : CaOH = 2:1  
Ni-sulfate(0.2M) + CaOH(0.1M) experiment  
 
         
 
Fig 3.16AFM image of electroplated structure, Input voltage (0.6V, 60sec), Ni-sulfate : CaOH = 2:1  
Ni-sulfate(0.4M) + CaOH(0.2M) experiment  
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3.4.2 Printed geometry of single electrode 
To fabricate the constant conductive dots, several experiments were conducted in these experiments. 
0.6V of WE electrode was applied to the AFM cantilever for 60sec and CE electrode was linked to the 
substrate. Initial point was printed on the left side of substrate [Fig 3.17(a)], and consecutive dots 
were fabricated following the prior electroplated dots [Fig 3.17(b)]. Surface scanning was performed 
after fabrication process after printing the one electroplated dot. The size and dimension of dots was 
measured after scanning. The size of electroplated dots sized was little bit bigger than electrode size. 
By following this step several times, the conductive line was fabricated composed of several nickel 
structure. Up to now, conductive structure was fabricated with several electroplated dots [Fig 3.17]. In 
these experiments, the voltage signal was applied to Au electrode on the AFM cantilever more than 
600sec. But consecutive electroplated structure was not printed on the substrate and only initial point, 
the electroplated structure was printed. This result means that migration effect was the major factor of 
the electroplating process and this electroplating structure was printed only initial time of 
electroplating process. As calculated in the simulation process, migration effect was occurred only 
initial time of electroplating process. And after few seconds, the concentration gradient of surface 
almost same and this concentration gradient brings the diffusion effect. With this theory of 
electrochemical deposition, consecutive electroplated structure was not fabricated based on migration 
effect. So several types of electroplated structure were printed on the substrate and this printed 
structure formed the consecutive electroplated structure. 
To ensure this Au electrode is fully insulated except the FIB cutting area, cyclic voltammetry test 
was performed with two types AFM cantilever integrated with Au electrode. The electrochemical 
characterization of the integrated microelectrodes was performed in a three electrode system (anode, 
cathode, reference electrode) with a silver/silverchloride reference electrode (Agilent Korea) sing I-
vium potentiostat (I-vium/Netherlands). The electrochemical setup was located in a Faraday cage. 
Cyclic voltammetry was performed using a personal computer equipped with an i-vium potentostat 
data analysis system that enables the cyclic voltammetric mode. Linear-sweep voltammetry in 
0.01mol L
-1
 [Fe(CN)
6
]
4- 
with 0.5 mol L
-1
 potassium chloride. As described in cyclic voltammetry 
graph [Fig 3.7], saturated level of current range of dual electrode has more than 5times comparing the 
single electrode.  
Comparing the printed geometry of AFM cantilever integrated with dual electrode, the geometry of 
electroplated structure was variable even if we applied the same potential range with specific 
processing time. In this printing experiment, we have tried to print the consecutive printed structure 
by connecting several electroplated dots. As described [Fig 3.17 (a)], initial electroplated structure 
was printed at the middle point of substrate and another electroplated dot was printed right side of the 
substrate. And then next electroplated structure was printed left corner of the substrate. To link the left 
dot and middle point of dot other printed structure was fabricated between two printed structures. By 
following this step, a consecutive printed structure was printed that is similar to a printed line. In this 
process, printed structure was fabricated with different processing time. 
 The results of these pictures are promising that electric circuit can be fabricated by following this 
process. If this electrode size fabricated with sub micrometer size, nano size of electric circuit can be 
printed by this electrochemical deposition process. Commercial electric circuit is fabricated by several 
steps like etching and electrochemical deposition and developing processes. But by using this 
electrochemical deposition process, any conductive material can be printed with nanometer size. 
Inkjet printing process has some merits in printing the conductive line that can be applied to electric 
circuit and its resolution is limited to over than 10μm. If the size of the inkjet head is under 10μm, 
there are some mechanical restrictions in spraying the metal ink. But by using the AFM cantilever 
integrated with Au electrode, this AFM cantilever able to print the nanometer scale electric circuit.   
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Fig 3.17 AFM cantilever with single electrode, Input voltage (0.6V, 60sec), Ni-sulfate : CaOH = 2:1 
Ni-sulfate(0.2M) + CaOH(0.1M) experiment 
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4. Conclusion 
This work demonstrates the electrochemical deposition of micrometer-scale electro plated dots 
using a simple instrument based on an AFM (atomic force micro scope). Nickel micrometer-scale dots 
were deposited in electrochemical solution in various concentrations. With the demonstrated 
fabrication processes, a precisely defined and constant distance between the microelectrode and the 
sample surface can be obtained. A standard silicon AFM cantilever (length: 450μm, width: 50μm, 
thickness: 2 μm) was metalized with a gold layer by sputtering, which allows the deposition of a wide 
range of electroactive materials in addition to gold. Gold layers having a thickness of 100-300 nm 
were chosen in order to achieve a well-conducting film. In several experiments, Cr and Ti adhesion 
layers were proved inadequate material for electrochemistry experiments because of galvanic 
corrosion between the adhesion layers and the Au electrode. And non-metallic materials were 
considered as adhesion layer like parylene. This layer was deposited Si AFM cantilever in vacuum 
state. The insulation of the electroactive layer is one of the crucial points in the fabrication process, 
particularly because of the long-term stability, chemical inertness, and homogeneity of the insulating 
film. The PECVD process was selected as the deposition technique because of the relatively low 
process temperature (250°C). Dense and well-defined insulation layers were particularly achievable 
when the process was repeated several times. The first FIB milling determines the electroactive size of 
the microelectrode. The same milling procedure was repeated in a second step at the frontal areas of 
the pyramidal tip after a 90° turn of the cantilever. By adjusting the length of the obtained sharp tip, 
the distance between the microelectrode and the sample surface in corresponding to the electrode area 
can be exactly defined. This procedure ensures topographical imaging of high resolution and a 
precisely defined and constant distance between the integrated electrode and the sample surface 
within the working distance for electrochemical deposition.  
The electrochemical deposition experiment was executed with 3-electrode system. Working electrode 
was connected to the electrode AFM cantilever and the counter electrode was connected to the 
substrate. And Ag/AgCl reference electrode was used in electrochemical experiment. Nickel sulfate 
solution was used in this experiment. When a bias of 0.6V was applied to the electrode of the AFM 
cantilever, the voltage range of counter electrode was approximately -0.4V~-0.5V. Nickel ions 
reduced and become nickel material at -0.24V. By applying the 0.6V to AFM cantilever, electroplated 
structure was fabricated on the substrate. But with these experiments conditions, micro-structures 
were electroplated only at the initial state even with a long electroplating process. Because anode 
oxidation components like sulfate was deposited on the electrode and these components were not 
easily stripped out from the electrode surface. Because these negative ions(SO4
2-
) oxidized on the 
surface of the Au electrode when a positive voltage applied to the Au electrode. So a mixture of 
calcium and nickel sulfate solution was used in electroplating process. In calcium and nickel mixed 
solution, calcium ions oxidized and combined with the sulfate ions. These chemically combined ions 
become precipitated on the bottom of mixed solution. With this mixed electrochemical solution, anode 
oxidation components were not detected on the surface of electrode and a micro structure was 
electroplated under the Au electrode. The portion of calcium and nickel was 1:2. This portion was 
adequate to pattern the electroplated structure. If the portion of this solution is under 1:2, a large 
quantity of hydroxide ions combine with nickel ions and this component becomes nickel hydroxide 
component. And this insoluble component was precipitated at the bottom of bottle and the 
concentration of nickel ions decrease. To maintain the concentration of nickel ions, specific portion of 
solution should be kept in experiment. And 1:2~1:3 portion of nickel and sodium ion was adequate to 
fabricate the electroplated structure. 
The electroplated structure was patterned by two types of AFM cantilevers. One of them is the single 
electrode AFM cantilever and the other is the dual electrode cantilever. Dual electrode AFM cantilever 
has the diameter of 5μm with 100nm and 150nm electrodes. Single electrode AFM cantilever has the 
diameter of 2.5μm with 300nm thickness. This size of electrode fabricated different size of 
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electroplated structure. Double electrode AFM cantilever fabricated the 7~8μm size of electrode 
plated structure and single electrode structure fabricated the 5μm size of electroplated structure. But 
its size and thickness was variable when it was fabricated by the single electrode AFM cantilever. But 
double electrode AFM cantilever fabricated the reliable and uniform electroplated structure. This 
result indicates that double electrode AFM cantilever generated the uniform electric field between 
anode and substrate, and this electric field induced the stable migration effect. 
In this AFM fabrication process, two types of AFM cantilever were fabricated. But if this AFM 
cantilever has a nanometer size electrode, it will enable to print the submicrometer scale electroplated 
structure. And by changing the potential range and concentration, various types of electroplated 
structure is expected to be fabricated on a substrate. It is expected that this fabrication process can be 
applied to electric circuit fabrication process. In future experiment process, not only metal 
electroplating solution, DNA molecule can be applied to printing process by using an AFM cantilever 
integrated with Au electrode. There are many practical reasons for developing DNA assays at the 
nanoscale. New information can be gained to address fundamental questions about DNA binding and 
biological function. Adhesion, elasticity, and morphology data can be obtained. Moreover, these data 
sets can provide crucial scientific information regarding multiprotein assemblies that has not yet been 
obtained using microscale arrays. Array-based technologies in proteomics will significantly advance 
biotechnology. Especially, micromter-scale electrode enables to carry the protein molecule of DNA 
one by one. And this AFM integrated with Au electrode is expected to print the on the localized area. 
This AFM cantilever integrated with Au electrode can be applied to fabricate the organic LED. 
Organic LED can be fabricated by electrochemical deposition process with conductive polymer. So 
by using this printing process, micrometer size of organic LED can be fabricated by following the 
similar fabrication process. And this LED fabrication process using the AFM cantilever integrated 
with Au electrode will be applied to biological experiment and commercial LED fabrication process.  
Recently, this fabrication process was researched using the dip pen lithography (DPN). But this AFM 
cantilever integrated with Au electrode has a lot of merits comparing the DPN tools especially in 
printing the conductive material. DPN-type techniques can be advantageous if one is trying to 
selectively place different types of molecules at specific sites within a particular type of nano-
structure. However, this type of technology, strictly depending upon surface diffusion to deliver low-
density molecules, is intrinsically a slow process. It has been difficult to deposit higher molecular 
weight materials. It is also essentially limited to the deposition of water-compatible materials. And 
this technique needs to drench the AFM cantilever tip in ink source if it needs an additional printed 
structure. To overcome the limits of this lithography technique, we have developed the new concept 
of lithography toll using a localized electrochemical deposition. By using the electrochemical 
deposition process it will be applied from biological area to industrial field like organic LED 
fabrication.   
 
 
 
 
 
 
 
 
36 
 
REFERENCES 
1. S. Grilli, V. Vespini, P. Ferraro, “Surface-charge lithography for direct PDMS micro-patterning,” 
Langmuir  24, pp. 13262-13265 (2008). 
 
2. M. Paturzo, S. Grilli, S. Mailis, G. Coppola, M. Gioffré, P. Ferraro, “Flexible coherent diffraction 
lithography by tunable phase arrays in lithium niobate crystals,” Optics Communications 281, pp. 
1950–1953 (2008). 
 
3. Dagata, “Selective‐area epitaxial growth of gallium arsenide on silicon substrates patterned using a 
scanning tunneling microscope operating in air,” Applied Physics Letters 57, pp. 2437 – 2439 (1990).  
 
4. K. Matsumoto, S. Takahashi, M. Ishii, M. Hoshi, A. Kurokawa, S. Ichimura, A. Ando, 
“Application of STM nanometer-size oxidation process to planar-type MIM diode,” Japan. J. Appl. 
Phys.34, pp.1387 -1390 (1995).  
 
5. P. A. Fontaine, E. Dubois, D. Stievenard, “Characterization of scanning tunneling microscopy and 
atomic force microscopy-based techniques for nanolithography on hydrogen-passivated silicon,” J. 
Appl. Phys.84, pp. 1776-1779 (1998). 
 
6. Y. Okada, S. Amano, M. Kawabe, J. S. Harris, “Basic mechanisms of an atomic force microscope 
tip-induced nano-oxidation process of GaAs,” Appl. Phys. 83, pp. 7998-8004 (1998).  
 
7. B. Klehn, U. Kunze, “Nanolithography with an atomic force microscope by means of vector-scan 
controlled dynamic plowing,” J. Appl. Phys. 85, pp. 3897-3903 (1999). 
 
8. S. C. Minne, J. D. Adams, G. Yaralioglu, S. R. Manalis, A. Atalar, C. F. Quate, “Centimeter scale 
atomic force microscope imaging and lithography,” Appl. Phys. Lett.73, pp. 1742-1744 (1998).  
 
9. C. C. Davis, W. A. Atia, A. Güngör, D. L. Mazzoni, S. Pilevar, I. I. Smolyaninov, “Scanning Near-
Field Optical Microscopy and Lithography with Bare Tapered Optical Fibers,” Laser Phys.7, pp. 
243-248 (1997). 
 
10. M. K. Herndon, R. T. Collins, R. E. Hollingsworth, P. R. Larson, M. B. Johnson, “Near-field 
scanning optical nanolithography using amorphous silicon photoresists,” Appl. Phys. Lett.74, pp. 
141-143 (1999).  
 
11. B. Legrand, D. Stievenard, “Nanooxidation of silicon with an atomic force microscope: A pulsed 
voltage technique,” Appl. Phys. Lett. 74, pp. 4049-4054 (1999).  
 
12. K. Wilder, C. Quate, D. Adderton, R. Bernstein, V. Elings, “Noncontact nanolithography using 
the atomic force microscope,” Appl. Phys. Lett. 73, pp. 2527-2533 (1998).  
 
13. D. John, "Three-dimensional microfabrication by localized electrochemical deposition,” 
JOURNAL OF MICROELECTROMECHANICAL SYSTEMS 5, pp. 24 – 32 (1996). 
 
14. S. H. Yeo, J. H. Choo, “On the effects of ultrasonic vibrations on localized electrochemical 
deposition,” Micromech. Microeng.12, pp. 271-279 (2002). 
 
15. S. H. Yeo, J. H. Choo, “Effects of rotor electrode in the fabrication of high aspect ratio 
microstructures by localized electrochemical deposition,” Journal of Micromechanics and 
Microengineering 11, pp. 435-442 (2001). 
37 
 
 
16. J. C. Lin, “Localized electrochemical deposition of micrometer copper columns by pulse plating,” 
Electrochimica Acta.55, pp. 1888–1894 (2010).  
 
17 S. K. Seol, A. R. Pyun, Y. Hwu, “Margaritondo G., Je J. H., Localized Electrochemical Deposition 
of Copper Monitored Using Real-Time X-ray Microradiography,” Advanced Functional Material 15, 
pp. 934–937 (2005). 
 
18. R. D. Piner, J. Zhu, F. Xu, S. H. Hong, C. A. Mirkin, Science 283, pp. 661-663 (1999). 
 
19. S. H. Hong, J. Zhu, C. A. Mirkin, “Dip-Pen Nanolithography,” Science 286, pp. 523-525 (1999). 
 
20. N. Naujoks, A. Stemmer, “Micro-and nanoxerography in liquids–controlling pattern definition” 
Microelectron. Eng. 78, pp. 331–337 (2005). 
 
21. N. Naujoks, A. Stemmer, “Localized functionalization of surfaces with molecules from solution 
using electrostatic attraction,” Microelectron. Eng. 67, pp. 736–741 (2003). 
 
22. S. D. Tzeng, K. J. Lin, J. C. Hu, L. J. Chen, S. Gwo, “Templated Self‐Assembly of Colloidal 
Nanoparticles Controlled by Electrostatic Nanopatterning on a Si3N4/SiO2/Si Electret,” Adv. Mater. 
18, pp.1147–1151 (2006). 
 
23. L. Seemann, A. Stemmer, N. Naujoks, “Selective deposition of functionalized nano-objects by 
nanoxerography,” Microelectron. Eng. 84, pp.1423–1426 (2007). 
 
24. C. R. Barry, M. G. Steward, N. Z. Lwin, H. O. Jacobs, “Printing nanoparticles from the liquid and 
gas phases using nanoxerography,” Nanotechnology 14, pp.1057–1063 (2003).  
 
25. G. Y. Liu, S. Xu, Y. L. Qian, “New insights for self-assembled monolayers of organothiols on Au 
(111) revealed by scanning tunneling microscopy,” Acc. Chem. Res. 33, pp.457-466 (2000). 
 
26. H. Sugimura, “Scanning probe anodization: Nanolithography using thin films of anodically 
oxidizable materials as resists,” Sci. Technol. A. 14, pp.1223-1227 (1996). 
 
27. H. Sugimura, “Multilayer resist films applicable to nano patterning of insulating substrates based 
on current-injecting scanning probe lithography,” Sci. Technol. B. 17, pp.1605-1608 (1999). 
 
28. H. Sugimura, N. Nakagiri, “Electrochemical nanolithography using scanning probe microscopy: 
fabrication of patterned metal structures on silicon substrates,” Thin Solid Films 282, pp.572-575 
(1996). 
 
29. L. Ressier, V. L. Nader, “Electrostatic nanopatterning of PMMA by AFM charge writing for 
directed nano-assembly,” Nanotechnology 19, pp.4428-4435 (2008). 
 
30. L. Seemann, A. Stemmer, N. Naujoks, “Local surface charges direct the deposition of carbon 
nanotubes and fullerenes into nanoscale patterns,” Nano Lett. 7, pp.3007-3012 (2007). 
 
31. S. D. Tzeng, K.J. Lin, J. C. Hu, L. J. Chen, S. Gwo, “Templated Self‐Assembly of Colloidal 
Nanoparticles Controlled by Electrostatic Nanopatterning on a Si3N4/SiO2/Si Electret,” Adv. 
Mater. 18, pp.1147-1151 (2006). 
 
32. L. S. C. Pingree, O. G. Reid, D. S. Ginger, “Electrical scanning probe microscopy on active 
organic electronic devices ,”Adv. Mater. 21, pp.19–28. (2009). 
38 
 
33. I. W. Lenggoro, H. M. Lee, K. Okuyama, “Nanoparticle assembly on patterned “plus/minus” 
surfaces from electrospray of colloidal dispersion,” Colloid Interface Sci. 303, 124–130 (2006). 
 
34. H. O. Jacobs, “Submicrometer patterning of charge in thin-film electrets,”Science 291, pp.1763–
1766 (2011). 
 
35. C. R. Barry, J. Gu, H. O. Jacobs, “Charging process and coulomb-force-directed printing of 
nanoparticles with sub-100-nm lateral resolution ,” Nano Lett. 5, pp.2078-2084 (2005). 
 
36. H. O. Jacobs, S. A. Campbell, M. G. Steward, “Approaching nanoxerography: The use of 
electrostatic forces to position nanoparticles with 100 nm scale resolution,” Adv. Mater.14, 
pp.1553-1559 (2002). 
 
37. L. S. McCarty, G. M. Whitesides, “Electrostatic charging due to separation of ions at interfaces: 
contact electrification of ionic electrets,” Chem., Int. Ed.47, pp.2188–2207 (2008). 
 
38. T. Genda, S. Tanaka, M. Esashi, “Micro-patterned electret for high power electrostatic motor,” 17 
th IEEE International Conference on Micro Electro Mechanical Systems, pp.470–473 (2004). 
 
39. J. U. Park, “High-resolution electrohydrodynamic jet printing,” Nat. Mater. 6, pp.782–789 (2007).  
 
40. J. U. Park, J. H. Lee, U. Paik, Y. Lu, J. A. Rogers, “Nanoscale patterns of oligonucleotides formed 
by electrohydrodynamic jet printing with applications in biosensing and nanomaterials assembly,” 
Nano Lett.8, pp.4210-4216 (2008). 
 
41. H. K. Choi, “Scaling laws for jet pulsations associated with high-resolution electro hydrodynamic 
printing,” Appl. Phys. Lett. 92, pp.123709-123714 (2008).  
 
42. R. Schuster, V. Kirchner, P. Allongue, G. Ertl, “Electrochemical micromachining,” Science 289, 
pp.98-101 (2000). 
 
43. V. Kirchner, L. Cagnon, R. Schuster, G. Ertl, “Electrochemical micromachining of stainless steel 
by ultrashort voltage pulses,” Phys. Lett. 79, pp. 1721-1725 (2001). 
 
44. A. L. Trimmer, J. L. Hudson, M. Kock, R. Schuster, “Single-step electrochemical machining of 
complex nanostructures with ultrashort voltage pulses,” Phys. Lett. 82, pp. 3327-3334 (2003). 
 
45. P. Allongue, P. Jiang, V. Kirchner, A. L. Trimmer, “Schuster R., Electrochemical micromachining 
of p-type silicon,” Phys. Chem. B 108, pp.14434-14439 (2004). 
 
46. L. Yong, Z. Yunfei, Y. Guang, P. Liangqiang, “Localized electrochemical micromachining with 
gap control,” Sensors Actuators A. 108, pp.144-148 (2003). 
 
47. M. Kock, V. Kirchner, R. Schuster, “Electrochemical micromachining with ultrashort voltage 
pulses-a versatile method with lithographical precision,” Electrochim. Acta 48, pp.3213-3219 
(2003). 
 
48. J. A. Kenney, G. S. Hwang, W. Shin, “Two-dimensional computational model for electrochemical 
micromachining with ultrashort voltage pulses,” Phys. Lett. 84, pp.3774-3779 (2004). 
 
49. J. A. Kenney, G. S. Hwang, “Electrochemical machining with ultrashort voltage pulses: modelling 
of charging dynamics and feature profile evolution,” Nanotechnology 16, pp.309-313 (2005). 
 
39 
 
50. J. A. Kenney, G. S. Hwang, “Trends in Electrochemical Machining with Ultrashort Voltage 
Pulses,” Electrochem. Solid State 9, pp. D1 (2006). 
 
51. A. A. Tseng, “Notargiacomo A and Chen T. P 2005, Nanofabrication by scanning probe 
microscope lithography: A review,” Vac. Sci. Technol. B 23, pp.877-882 (2005). 
 
52. J. G. Park, C. Zhang, R. Liang, B. Wang, “Nano-machining of highly oriented pyrolytic graphite 
using conductive atomic force microscope tips and carbon nanotubes,” Nanotechnology 18,  
pp.1-6(2007). 
 
53. M. J. Schmitz, C. R. Kinser, N. E. Cortes, M. C. Hersam, “Nanopatterning with conductive 
diamond coated atomic force microscopy probes”, Small 3, pp.2053 (2007). 
 
54. D. M. Kolb, F. C. Simeone, “Electrochemical nanostructuring with an STM: A status report,” 
Electrochim. Acta. 50, pp.2989-2995 (2005). 
 
55. C. Untiedt, M. J. Caturla, M. R. Calvo, J. J. Palacios, R. C. Segers, “Formation of a metallic 
contact: jump to contact revisited,” Phys. Rev. Lett. 98, pp.1-4 (2007). 
 
56. R. D. Piner, J. Zhu, F. Xu, S. Hong, C. A. Mirkin, “Dip-pen nanolithography,” Science 283, 
pp.661-663 (1999). 
 
57. L. Guangming, W. B. Larry, “Controlled patterning of polymer films using an AFM tip as a nano-
hammer,” Nanotechnology 18, pp.1-8 (2007).  
. 
58. F. Yang, E. Wornyo, K. Gall, W.P. King, “Nanoscale indent formation in shape memory polymers 
using a heated probe tip,” Nanotechnology 18, pp. 1-8 (2007). 
 
59. X. Hu, J. Yu, J. Chen, X. Hu, “Influence of silver doping on the photocatalytic activity of titania 
films,” Appl. Surf. Sci. 200, pp.239-247 (2002). 
 
60. O. Abril, A. G u¨ndel, F. Maroun, P. Allongue, R. Schuster, “Single-step electrochemical 
nanolithography of metal thin films by localized etching with an AFM tip,” Nanotechnology 19, 
pp7-16 (2008). 
 
61. S. K. Seol, J. M. Yi, X. Jin, C.C. Kim, J.H. Je, W.L. Tsai, P.C. Hsu, Y. Hwu, C. H. Chen, L. W. 
Chang, G. Margaritondo, “Electrochem, Coherent microradiology directly observes a critical 
cathode-anode distance effect in localized electrochemical deposition,” Solid-State Lett.7, C95-97 
(2004). 
 
62. S. K. Seol, A. Pyun, Y. Hwu, G. Margaritondo, J. H. Je, “Localized Electrochemical Deposition 
of Copper Monitored Using Real‐Time X‐ray Microradiography,” Adv. Funct. Mater. 15, pp.945-
937 (2005). 
 
63. M. Georgiadou, D. Veyret, R. Sani, R. C. Alkirea, “Simulation of Shape Evolution during 
Electrodeposition of Copper in the Presence of Additive,” Journal of The Electrochemical Society 
148, pp.C54-59(2001). 
 
64. G. Marshall, “Growth model for ramified electrochemical deposition in the presence 
of diffusion, migration, and electro convection,” The American Physical Society 55, pp.549-563 
(1997). 
 
65. S. K. Seol, J. M. Yi, X. Jin, C. C. Kim, J. H. Je, W.L. Tsai, P.C. Hsu, Y. Hwu, C. H. Chen, L. W. 
40 
 
Chang, G. Margaritondo, “Coherent microradiology directly observes a critical cathode-anode 
distance effect in localized electrochemical deposition,” Electrochem. Solid-State Lett 7, C95-C97 
(2004). 
 
66. R. M. Penner, M. J. Heben, T. L. Longin, N. S. Lewis, “Fabrication and use of nanometer-sized 
electrodes in electrochemistry,” Science 250, pp.1118-1121 (1990). 
 
 
